Introduction
Manganese-enhanced magnetic resonance imaging (MEMRI) is an important tool for neuroanatomical and functional neuroimaging studies in animals Silva and Bock, 2008; Koretsky and Silva, 2004) . In its divalent form, manganese (Mn 2þ ) is paramagnetic and decreases T1 and T2 relaxation times (Lauterbur, 1973; Aoki et al., 2004; Mendonca-Dias and Lauterbur, 1983) . In the brain, Mn 2þ is taken up by excitable cells via voltage-gated calcium channels (Hallam and Rink, 1985) . It accumulates in active brain regions (Lin and Koretsky, 1997) and can be transported in axonal tracts (Pautler, 2004; Sloot and Gramsbergen, 1994; Takeda et al., 1998) . The uptake of Mn 2þ provides excellent visualization of cytoarchitecture . Given this, MEMRI has many applications, including functional imaging of brain regions involved in specific behaviours (Yu et al., 2005; Eschenko et al., 2010a) , neuronal tract tracing (Pautler et al., 1998; Pautler and Koretsky, 2002; Watanabe et al., 2001; Matsuda et al., 2010; Pautler et al., 2003; Allegrini and Wiessner, 2003) , and imaging morphological changes through development (Szulc et al., 2015) , disease (Saar et al., 2015; van der Zijden et al., 2007) , or during behavioural paradigms (Zhang et al., 2016; Scholz et al., 2015; Qiu et al., 2013) . One of the main challenges of MEMRI is that Mn 2þ can be cytotoxic at the high doses required to produce sufficient contrast . Indeed, it has been associated with different toxic effects in humans, dogs, rabbits, and rodents, including Parkinsonian-like symptoms (Dobson et al., 2004; Olanow, 2004) , liver failure (Chandra and Shukla, 1976) , and cardiotoxicity (Wolf and Baum, 1983) . Traditionally, Mn 2þ is delivered to animals via the salt manganese chloride (MnCl 2 ) either as a single intraperitoneal (IP), subcutaneous, or intravenous injection or via fractionated doses, which have been shown to reduce toxicity Grünecker et al., 2010) . However, repeated injections are stressful for the animal and so can be impractical for studies with many imaging time points. Moreover, even fractionated daily doses as low as 16 mg/kg/day have been associated with behavioural impairments such as decreased voluntary wheel running (Eschenko et al., 2010a) . Recent studies have investigated an alternative approach for systemic MnCl 2 delivery. In rodents, continuous infusion of MnCl 2 via subcutaneously implanted mini-osmotic pumps has been shown to produce similarly enhanced tissue contrast in T1-weighted images with minimal behavioural abnormalities (Mok et al., 2012; Sepúlveda et al., 2012; Eschenko et al., 2010a; Poole et al., 2017) . For instance, continuous infusion of 60 mg/kg/day MnCl 2 produced high contrast after 5-8 days, with no impact on muscle strength or cortisone levels (Poole et al., 2017) . Likewise, delivering a cumulative dose of 80 mg/kg MnCl 2 over 7 days produced sufficient contrast and avoided the impact on voluntary wheel running observed with IP delivery (Eschenko et al., 2010a) . The use of mini-osmotic pumps therefore opens the possibility that MEMRI can be used for longitudinal neuroimaging studies without repeated injections and toxic effects.
Ideally, continuous infusion of MnCl 2 would enable imaging across a range of time points. While continuous low doses of MnCl 2 will eventually produce sufficient signal enhancement, often many days of infusion are required. Previous studies using osmotic pumps to deliver MnCl 2 have typically delivered a high daily dose over a short period of time or a very low daily dose over a prolonged period (Mok et al., 2012) . Additionally, with the exception of Sepúlveda et al. (Sepúlveda et al., 2012; Poole et al., 2017) , the few studies examining the use of osmotic pumps have imaged animals only at 2-3 timepoints (Poole et al., 2017 ; Mok et al., 2012) . A protocol that results in sufficient signal enhancement both immediately (2-4 days) after osmotic pump implantation and over longer time periods (1-3 weeks) has not yet been described, to our knowledge. To this end, we characterized the effect of continuous infusion of different doses of MnCl 2 on tissue contrast over multiple time points.
One exciting potential application of longitudinal MEMRI studies is to monitor changes in functional activity or brain structure over time as animals learn a behavioural task (Zhang et al., 2016; Scholz et al., 2015) . A concern, though, is that Mn 2þ will impair function in the brain areas in which it accumulates in high amounts, such as the hippocampus. Some studies demonstrate that single injections of MnCl 2 do not impair choice accuracy on a hippocampal-dependent T-maze task (Eschenko et al., 2010b; Jackson et al., 2011) . However, the impact of continuous MnCl 2 delivery on hippocampal learning and memory is not known. Manganese is also known to cause motor impairments, which may present a challenge for behavioural tasks with a motor component (Nam and Kim, 2008; Eschenko et al., 2010b) . Given the diverse applications of MEMRI, it is important to characterize the time window in which continuous delivery produces satisfactory contrast while avoiding cytotoxicity. In this study, we sought to determine whether continuous infusion of MnCl 2 via osmotic pumps is appropriate for longitudinal studies of brain anatomy and behaviour. To this end, in addition to examining signal enhancement, we investigated whether continuous infusion of MnCl 2 impairs spatial learning and memory and/or gross motor abilities. Based on this data, we conclude with recommendations for when continuous infusion of MnCl 2 is appropriate and when studies should use direct systemic injection instead.
Materials & methods

Mice
B6129SF1/Tac hybrid males (Taconic) age 10-12 weeks were used in this study. We used F1 hybrids because they learn the Morris Water Maze well and so would be sensitive to impairments caused by MnCl 2 (Owen et al., 1997) . All studies and procedures were approved by The Centre for Phenogenomics (TCP) Animal Care Committee in accordance with recommendations of the Canadian Council on Animal Care, the requirements under the Animals for Research Act, RSO 1980, and Fig. 1 , Table 1 ). Group assignment was done to ensure the average animal weight was consistent between treatment groups. Mice were group housed prior to pump implantation and singly after implantation. To control for effects of housing, mice treated with intraperitoneal injections were also moved to single housing at the same time as surgically implanted animals.
Manganese chloride solution
Manganese chloride preparation for intraperitoneal injections Manganese chloride tetrahydrate (Sigma Aldrich 13446-34-9) was dissolved in hydroclone purified water to yield a 300 mM stock solution. This was subsequently diluted in sterile saline to yield a 30 mM working solution that was used for intraperitoneal injections. An appropriate volume of 30 mM working solution was injected to give a 50 mg/kg dose based on the animals' weight. Vehicle treated animals were given an equivalent volume of saline only.
Manganese chloride preparation for osmotic pumps
Manganese chloride tetrahydrate (Sigma Aldrich 13446-34-9) was dissolved in sterile saline to give a dosage of 25 mg/kg/day or 50 mg/kg/ day based on the animals weight at the time of implantation. For vehicle treated animals the pumps were filled with an equivalent volume of sterile saline.
Implantation of mini-osmotic pumps
Mice were implanted with Alzet mini-osmotic pumps model 1004 (DURECT Corporation, Cupertino, CA, USA) which continuously deliver reagent at a flow rate of 0.11 μL/hour. Prior to implantation, the metal flow moderators were replaced with PEEK flow moderators to be MRI compatible using Loctite 454 cyanoacrylate glue (#0008670). 48 h before implantation, the pumps were primed with MnCl 2 solution or saline by placing the filled pumps in sterile saline at 37 degrees Celsius. This ensured that the pumps were active when implanted. Fig. 1 . Experimental timeline. At Day 0, mice were randomly assigned to one of 5 treatment groups: single intraperitoneal injection of vehicle (IPVeh), single intraperitoneal injection of 50 mg/kg MnCl 2 (IP50), osmotic pump delivering vehicle only (OPVeh), osmotic pump delivering 25 mg/kg/day MnCl 2 (OP25), or osmotic pump delivering 50 mg/kg/day MnCl 2 (OP50). Mice in the osmotic pump groups were implanted on day 0 and given 2 days to recover before imaging. Mice receiving injections were injected on day 2. All mice were scanned on days 3, 4, 8, 10, and 15, and were trained on the Morris Water Maze (MWM) for 5 days starting on day 6. A probe test was performed one hour following the last trial on day 5 of training (day 10 of experimental timeline).
For the surgeries, anaesthesia was induced using 4% isoflurane and maintained with 2% isoflurane. Prior to surgery, the mice received 500 μL saline subcutaneously and an injection of meloxicam (4 mL/kg) at the implantation site. Once anaesthetized, the animal's fur was shaved by the left or right flank. A small incision was made in the shaved skin, and a hemostat was used to create a subcutaneous pocket for the pump. The pocket was large enough to allow some free movement of the pump, but was not so large that the pump could flip orientations. The pump was then inserted into the pocket, delivery portal first, and the wound closed with tissue glue. The mouse was allowed to recover in a warm cage and transferred to a cage with surgical bedding for recovery. Mice were treated with 2 mg/kg meloxicam (1 mL meloxicam in 9 mL saline) for 3 days following surgery. After surgery, mice were housed in a postoperative recovery cage for 3 days before being returned to a standard cage with regular bedding and nesting material.
Imaging
Whole brain images were acquired with a 7T Varian scanner using invivo manganese-enhanced MRI. The MR acquisition protocol consisted of a 3D gradient echo sequence (90 μm isotropic resolution, TR ¼ 29 ms, TE ¼ 5.37 ms, 7 averages, 2 h 48 min scan time). The mice were anaesthetized in an induction chamber using 3% isoflurane (Bock et al., 2005; Dazai et al., 2011) . Mice were loaded onto custom built holders and imaged in vivo seven at a time using individual saddle coils at 3, 4, 8, 10, and 15 days post osmotic pump implantation. During the scan, the mice were maintained under 1% isoflurane anaesthesia delivered through the coil to the nose. The animals' breathing rates and temperature were monitored to maintain a respiratory rate of 20-40 breaths per minute and temperature inside the magnetic bore of 29 degrees Celsius.
The mice that were injected intraperitoneally were injected once with either MnCl 2 or saline 24 h prior to the first scan (Day 2, see Fig. 1 ). However, to control for the potential effect of anaesthesia and handling of the osmotic pump mice on subsequent behavioural testing, the IP mice were also scanned at the same time points as the OP mice. The number of images used at each time point is shown in Table 1 . Although all mice were scanned at all time points, some images were excluded due to motion artefacts or low SNR (Table 1) . Additionally, some mice were withdrawn from the study due to health effects (Fig. 6 ). For each treatment group, there were at least 3 mice with high quality images at all of the time points.
In addition, 6 mice not in Table 1 were added to monitor health effects (3 in the OP25 group and 3 in the OP50 group). After the adverse health effects were identified, we tried slightly altering the osmotic pump implantation by making a deeper pocket for the pump. These mice were then monitored for adverse health effects but were not imaged or trained. This data was included in Fig. 6 only.
Image processing
First, all acquired images were distortion-corrected to correct for small geometric distortions resulting from imaging in coils not in the centre of the magnetic field. To do so, coil-specific MR images of precision-machined phantoms were registered to a computed tomography (CT) scan of the same phantom. The resulting transformations were then applied to all acquired images in a coil-specific manner. This process ensures that the anatomy and geometry of the MRI image accurately reflects that of the sample. There was no effect of coil position on image intensity.
After distortion correction, the images were non-uniformity corrected. In an MR image, the intensity of homogenous tissue should theoretically also be homogenous; however, there are localized nonuniformities in tissue intensity attributable to B1 variation (Belaroussi et al., 2006) . These were corrected using the N3 algorithm (Sled et al., 1998) .
Next, to compare the signal intensities in each region of interest, the MNI autoreg tools were used to rigidly align all the distortion and nonuniformity corrected images (henceforth input images) using a series of global rotations and translations (Collins et al., 1994) . These transformations are intensity-preserving. Finally, the image intensities were normalized to the temporalis muscle from the same scan (Poole et al., 2017) .
To automatically segment the resulting rigidly aligned images, the MAGeT (multiple automatically generated templates) Brain procedure was used with a pre-existing mouse brain atlas that segments the brain into 62 distinct regions (Chakravarty et al., 2013; Dorr et al., 2008) . Briefly, in this process the input images were automatically segmented by non-linearly aligning the atlas to each of the input images in the study and then resampling the atlas labels (Chakravarty et al., 2013; Lerch et al., 2008; Lerch et al., 2011 ) . The result of this procedure was an individual atlas for each input image in the study segmenting it into 62 distinct regions (Dorr et al., 2008) .
Statistical analysis of imaging data
All analysis was performed using the R statistical language (R Core Team, 2016, https://www.R-project.org) using the RMINC and lmerTest libraries (https://github.com/Mouse-Imaging-Centre/RMINC/) (Kuznetsova et al., 2016) . First, the mean intensity (normalized to the temporalis muscle, as described above) was calculated for each region of interest (ROI) from the segmented atlas (Dorr et al., 2008) . Then for each ROI, t-tests were used to compare the signal intensity in the IPVeh to the IP50 group, as well as to the OP25 and OP50 groups after 3 days of treatment. P-values were adjusted for multiple comparisons using the False Discovery Rate (Genovese et al., 2002) . Using the imaging data from only mice implanted with osmotic pumps, we also assessed the main effects and interaction between MnCl 2 dose (vehicle, 25 mg/kg/day, or 50 mg/kg/day) and days of treatment on signal intensity in each ROI. Specifically, linear mixed effects models were used to determine the effect of dose and days of treatment on the rate of increase in signal intensity for each ROI. Linear mixed effects models incorporate both fixed effects, like those included in traditional linear regression, as well as random effects (Pinheiro and Bates, 2000) . These models are particularly useful for longitudinal data and can handle a greater range of study designs (e.g. unbalanced designs) than traditional methods such as repeated measures ANOVAs. The general formula for a mixed effects model is:
In this model y ij is the jth measurement of the dependent variable for mouse i. For the imaging data, this corresponds to the intensity in a particular ROI y for mouse i on day j. β 1 … β p are coefficients for the fixed effects or independent variables x 1 ij … x p ij and represent group-wise effects, as in traditional regression. In this study, we used fixed effects of days of treatment, dose, and the interaction between dose and days of treatment. The coefficients b 1ij … b pij are the coefficients for the random effects of each of the independent variables listed above. In this study, we included random intercepts for each mouse. ε ij is the error term, which we assume to be independent and normally distributed. Therefore for a given ROI y, our model is:
β 1À3 are group-wise coefficients whereas b 1ij is a random intercept term for each mouse. This allows us to model the effect of dose and days of treatment on ROI intensity while accounting for the random subjectspecific differences. To determine whether a particular fixed effect significantly improves the model, log-likelihood tests were performed comparing the model with the effect in question versus the model without that effect. For instance, to determine if there is a significant interaction between Dose and Treatment, we generated two models:
and compared them using a log-likelihood ratio test. The log-likelihood ratio follows an approximately χ 2 distribution in which the degrees of freedom is equal to the difference in the number of parameters in model 2 versus model 1. P-values were obtained using these χ 2 distributions.
Morris Water Maze training
Behavioural apparatus
The water maze pool was 121 cm in diameter and made opaque using non-toxic white paint. During water maze training, mice learned to locate a 12 cm diameter hidden platform that was submerged 5-8 mm below the surface of the water. The platform location was constant over all trials, and distal cues were placed on the walls surrounding the pool to provide cues for navigation. The pool temperature was maintained at 25 degrees Celsius. The behaviour was recorded and tracked using the HVS Image Water 2020 Software using a camera mounted to the ceiling above the centre of the pool.
Behavioural training
Behavioural training took place on Day 6 after pump implantation (Fig. 1 ). Mice were handled for 2 min/day for 5 days prior to training. Mice were trained on the spatial version of the Morris Water Maze for 2 blocks of 3 trials/day for 5 days. The intertrial interval was 15 s and the interblock interval was 1 h. Before the first trial on day 1 only, each mouse was placed on the platform for 15 s. For each training trial, one mouse was taken from its cage and carried to the pool in the experimenter's hands. The mouse was lowered into the pool with its nose facing the pool wall at one of 4 start locations (north, south, east, west). The start locations were chosen randomly but were kept consistent for all mice and always included the same number of locations close to versus far from the platform location. Immediately after placing the mouse in the pool, the experimenter hid from view and started the trial. The trial ended if the mouse found the platform in less than 60 s, after which the mouse was left on the platform for 15 s before being returned to a recovery cage on a heating pad. If the mouse did not find the platform within 60 s, it was guided to it and left there for 15 s. A probe test was performed 1 h following the last trial on day 5. During the probe test, the platform was removed from the pool and the mice were given 60 s to search the pool. For each trial, the following metrics were automatically recorded: swim speed (metres/second), latency to reach the target platform (seconds), distance travelled to platform (metres), time spent in each pool quadrant, and time spent in a circular zone (20 cm radius) surrounding the target (or equivalent zone in non-target quadrants).
Statistical analysis of behavioural data
Separate linear mixed effects models were used to determine whether there was an interaction between day of training and treatment group (IPVeh, IP50, OPVeh, OP25, or OP50) on latency to reach the target platform and distance travelled to the platform. Fixed effects of days of training and treatment group were included along with random intercepts for each mouse. The variable treatment group was used instead of assessing the interaction between route of administration and MnCl 2 dose because the cumulative dose of MnCl 2 changed daily for OP mice whereas it was constant for IP mice. Additionally, for these behavioural metrics the data was fit with a second-order polynomial so that for the ith mouse on the jth day, the model for the behaviour metric y was:
Here, β 0 to β 5 are fixed effects coefficients whereas b i is the coefficient for the random intercept for each mouse. Since we also wanted to assess whether route of administration (IP vs osmotic pump) and/or MnCl 2 treatment (MnCl 2 vs. Vehicle) affected these behavioural metrics, separate mixed models were fit using these variables as fixed effects instead of treatment group. P-values were obtained by likelihood ratio tests of the full model with the effect in question against the model without that effect, using the χ 2 approximation. For the probe trial, ANOVAs were used to determine whether treatment group and separately, route of administration and/or MnCl 2 treatment affected time spent in each pool quadrant or circular zone. For swimming data, we computed the mean swim speed on each day and used linear mixed effects model to test for an effect of treatment group, route of administration, or MnCl 2 treatment.
Health monitoring
Mice were monitored daily for presence of adverse health side effects. Health data was analyzed in R using the survival library (Therneau and Grambsch, 2000; Therneau and Grambsch, 2015) . To assess the effect of treatment group on the likelihood of developing skin ulceration, Kaplan-Meier curves were generated and compared using pairwise log-rank tests.
Results
Comparison of route of delivery of MnCl 2 and effects on tissue contrast
We first qualitatively compared the effect of route of MnCl 2 delivery and MnCl 2 dose on tissue contrast (Fig. 2) . Three days of infusion of 25 mg/kg/day or 50 mg/kg/day MnCl 2 both resulted in satisfactory contrast in the brain. The contrast appeared comparable to or better than Fig. 5 . Effect of MnCl 2 dose and route of delivery on spatial learning and memory. Mice were trained on a spatial version of the Morris Water Maze (MWM) for 6 trials/day over 5 days (left). Error bars are 95% confidence intervals. There was no difference in performance on the MWM by day 5 training. Data was fit with a second order polynomial. Error bars are 95% confidence intervals. All groups of mice showed a preference for the target location (right). There was no significant effect of treatment group on quadrant preference. that obtained with a single IP injection of 50 mg/kg MnCl 2 administered 24 h prior to imaging (Fig. 2) . Although the cumulative doses of MnCl 2 received by the IP50 and OP25/OP50 groups differ at this time point, the IP50 images were used as a reference as most MEMRI studies use single IP injections. A comparison between osmotic pump infusion and repeated IP injections has recently been published by Poole et al. (2017) . Consistent with previous reports, brain regions in which manganese accumulates such as the hippocampus, olfactory bulbs, cerebellum, and thalamus were visible in scans of all mice treated with MnCl 2 , regardless of dose or route of delivery. Moreover, the contrast obtained in the OP50 group appeared qualitatively superior to that obtained in the IP50 and OP25 treated mice.
To analyze this quantitatively, we then compared the signal intensity (normalized to the temporalis muscle) obtained in 4 of the ROIs delineated in our atlas: the hippocampus (HC), olfactory bulbs (OB), cerebellar cortex (CB), and thalamus (TH) (Dorr et al., 2008) . In the IP50 mice, the signal intensity was significantly enhanced in the OB (t ¼ 3.72, p ¼ 0.009), HC (t ¼ 2.60, p ¼ 0.029), and CB (t ¼ 2.64, p ¼ 0.029) compared to IPVeh mice (Fig. 3) . There was no significant difference in the intensity of the thalamus between IP50 and IPVeh mice (t ¼ 0.98, p ¼ 0.343). After the first post-operative scan (3 days after implantation), the signal intensities in all 4 ROIs of OP25 mice were equivalent to those obtained in the IP50 group (p>0.05). In the OP50 mice, signal intensity was significantly higher in all 4 ROIs compared to those from the IP50 group (Fig. 3, OP50 In the OP25 group, signal intensity increased over time in all ROIs but peaked at 15 days of treatment. Increasing the dose delivered via osmotic pump to 50 mg/kg/ day resulted in higher signal intensity in all ROIs (Fig. 3, statistics above) . However, after 8 days of treatment (cumulative dose: 400 mg/kg), the mean signal intensity began to plateau. In the HC, CB, and TH, the mean signal intensity in OP25 mice never reached that of OP50 mice; even after 15 days of continuous infusion, the signal intensities in these ROIs were approximately equal to that observed in the OP50 mice after 3 days of infusion.
Continuous MnCl 2 administration does not impair spatial learning or memory
One concern of continuous MnCl 2 treatment is that Mn 2þ may disrupt brain function in areas such as the hippocampus where it preferentially accumulates (Jackson et al., 2011) . Although single injections of 16-80 mg/kg MnCl 2 do not impair hippocampus-dependent learning in rats (Eschenko et al., 2010b) , the impact of continuous infusion of MnCl 2 on hippocampal dependent learning has not been investigated. Since MEMRI is increasingly being used for imaging studies involving behaviour and longitudinal studies of plasticity, we investigated whether osmotic pump implantation and/or MnCl 2 delivery have adverse impacts of hippocampus-dependent learning in mice. First, we investigated whether the presence of an osmotic pump or MnCl 2 treatment impacted swimming ability in the Morris Water Maze (MWM, Fig. 4) . MnCl 2 has been associated with motor deficits, including gait abnormalities (Eschenko et al., 2010a) . We found that there was no effect of MnCl 2 treatment on swim speed (MnCl 2 vs. Vehicle: By day 3 this difference had normalized, and there was no effect of pumps, MnCl 2 treatment, or specific treatment group on swim speed. Given the subtle impact of treatment group on swim speed at early time points, distance travelled to platform was used as a performance metric for spatial learning, as opposed to speed-dependent metrics such as latency to target.
Next we examined spatial learning and memory in the MWM. Neither MnCl 2 treatment nor osmotic pump implantation adversely affected spatial learning or memory (Fig. 5) . While there was a significant interaction between treatment group and day on learning rate on the MWM (χ 2 (8) ¼ 32.9,p ¼ 6.27e-5), this was due to the fact that the OPVeh and OP25 treated mice performed better than the IPVeh treated mice on the first day (OP25 vs. IPVeh: t ¼ À2.06,p ¼ 0.04) or first 2 days of training (OPVeh vs. IPVeh: t ¼ À2.32,p ¼ 0.02 and t ¼ À2.06, p ¼ 0.05 for day 1 and 2 respectively). By day 5 of training, there was no effect of treatment group on MWM performance. Likewise, in the probe test, mice spent significantly more time in the target quadrant than in non-target quadrants (F (1,90) ¼ 56.8,p ¼ 3.63e-11), but there was no interaction effect between treatment group and quadrant on percent time spent in each quadrant (Fig. 5, F (4,82) ¼ 0.72,p ¼ 0.58). In addition, there were no brain areas where there was a significant correlation between the signal enhancement in scans acquired during training (day 8 and day 10) and subsequent performance on the probe test.
Continuous MnCl 2 administration leads to skin ulceration
Although MnCl 2 delivery did not impair learning and memory or swimming performance, we did observe significant health effects that have not been widely reported. Some mice that received MnCl 2 via osmotic pump developed skin ulceration where the solution was being released from the pump (Fig. 6 ). This occurred even in the subset of mice not trained on the water maze, but did not develop in any of the control mice that received vehicle only via osmotic pump or intraperitoneally. In 4/17 cases, the ulceration was so severe that the mice had to be euthanized. Within the mice implanted with osmotic pumps, there was a significant effect of MnCl 2 dose on the likelihood of developing tissue ulceration (Fig. 6 , log-rank test, χ 2 (1) ¼ 11.3,p ¼ 0008). In the OP50 mice, skin ulceration developed as early as 4 days post-implantation (cumulative dose of 200 mg/kg). After 14 days, all but 1 of the OP50 mice developed ulceration, which was significantly more than the vehicle treated (χ 2 (1) ¼ 11.8, p ¼ 0.0006) and OP25 mice (χ 2 (1) ¼ 11.3,p ¼ 0008). In the OP25 group, skin ulceration developed as early as 14 days after treatment, and by 20 days after implantation, half the mice had developed ulcers, which was significantly more than the vehicle treated mice (χ 2 (1) ¼ 4.3, p ¼ 0.00387). An autopsy was performed on 3 of the mice implanted with osmotic pumps. In all cases, there was no evidence of damage to the peritoneum, abdominal wall, or internal organs inside the abdominal cavity. There was also no sign of necrosis. However, there was a local immune reaction internally at the infusion site of the pump.
Within the mice that were injected intraperitoneally with MnCl 2 , 3 (23%) developed scabs at the injection site; however these resolved on their own and were not as severe as the skin ulceration observed in the mice implanted with osmotic pumps. Since the scabbing resolved, this data was not included in the Kaplan-Meier curves.
Discussion
MEMRI is a powerful tool for in vivo imaging of brain anatomy and cytoarchitecture, for neuronal tract tracing, and for functional imaging of brain activity in rodent models Koretsky and Silva, 2004) . However, in longitudinal studies, challenges still remain in optimizing tissue contrast while avoiding Mn 2þ toxicity. Here, we evaluated the tissue contrast obtained using continuous infusion of MnCl 2 via subcutaneously implanted mini-osmotic pumps and compared it to that obtained with a single intraperitoneal injection. Additionally, we investigated whether continuous MnCl 2 infusion was associated with adverse health outcomes, impairments in hippocampus-dependent learning and memory, and/or impairments in gross motor abilities. We found that 3 days of delivery of 25 mg/kg/day or 50 mg/kg/day of MnCl 2 via osmotic pumps produced signal enhancement that was similar or better than that achieved with a single 50 mg/kg IP injection. Neither continuous infusion of MnCl 2 nor the osmotic pump implantation itself was associated with spatial learning and memory deficits. However, at high doses, mice receiving MnCl 2 via osmotic pumps developed skin ulcerations, which limited the timeframe in which mice could be imaged.
Impact of route of delivery and dosage on tissue contrast
We compared the signal intensity obtained when mice were treated with manganese either intraperitoneally (1 Â 50 mg/kg injection) or via mini-osmotic pump (25 mg/kg/day or 50 mg/kg/day). After three days of 25 mg/kg/day infusion (75 mg/kg cumulative dose), the contrast obtained in MR images of the brain was comparable to that obtained with a single 50 mg/kg injection. This is consistent with a previous study showing that a higher cumulative dose is required to produce the same contrast when Mn 2þ is delivered subcutaneously via osmotic pump versus intraperitoneally (Poole et al., 2017) . As discussed by Poole et al., this is likely because the peak plasma concentration of Mn 2þ is lower when it is delivered subcutaneously, due to partial loss of Mn 2þ into the tissue by diffusion and slow diffusion of Mn 2þ into the bloodstream (Rang et al., 2014; Poole et al., 2017) . The signal enhancement obtained with 50 mg/kg/day MnCl 2 began to plateau after 8 days of continuous infusion, at which point the mice had received a cumulative dose of 400 mg/kg MnCl 2 . Conversely, the signal enhancement continued to increase beyond 8 days in mice receiving 25 mg/kg/day and peaked at day 15 when the mice had received a cumulative dose of 375 mg/kg. Again, this is consistent with Poole et al., who observed that signal enhancement did not change between 5 and 8 days when mice received 60 mg/kg/day, or a cumulative dose of 300-480 mg/kg (Poole et al., 2017) . Likewise, another study showed that the decrease in T1 relaxation produced by 30 mg/kg/day MnCl 2 delivery plateaus after 8-10 days, or a cumulative dose of 240-300 mg/kg (Sepúlveda et al., 2012) . Together these studies suggest that administering a cumulative dose greater than 400 mg/kg MnCl 2 is unlikely to result in further signal enhancement.
Delivery of 50 mg/kg/day MnCl 2 resulted in superior signal enhancement after 3-10 days of treatment in all ROIs examined, consistent with prior reports that infusing a higher concentration of MnCl 2 over a shorter time period produces improved contrast (Mok et al., 2012; Poole et al., 2017) . After 15 days of MnCl 2 delivery, the signal enhancement in the olfactory bulbs was equivalent between mice treated with 25 mg/kg/day and 50 mg/kg/day MnCl 2 . This suggests that some brain areas reach a saturation point sooner than others, at which point further Mn 2þ delivery does not increase signal intensity. As suggested by Poole et al., the saturation in intensity may be because the MRI signal is not directly proportional to the total amount of Mn 2þ in the brain (Poole et al., 2017) . As they note, Mn 2þ is sequestered by the mitochondria, and efflux of Mn 2þ from the brain is very slow. Moreover, over 97% of the sequestered Mn 2þ is bound to proteins (Gavin et al., 1999; Poole et al., 2017) . Thus it is possible that additional Mn 2þ is accumulating, but that it is being sequestered in water-free macromolecular pockets and thus cannot contribute to the MRI signal (Poole et al., 2017) . Additionally, Mn 2þ influx increases in more active regions via a Ca 2þ -dependent mechanism (Gavin et al., 1990; Poole et al., 2017) . Brain-wide variations in neural activity and in Mn 2þ efflux may contribute to the differences in saturation.
In the other ROIs (HC, TH, CB), even after 15 days, the contrast obtained in mice treated with 25 mg/kg day of MnCl 2 did not reach that of mice treated with 50 mg/kg/day MnCl 2 . This finding is in agreement with a recent study by Poole et al. showing that even with 8 versus 5 days of MnCl 2 administration, the contrast obtained in mice treated with 30 mg/kg day of MnCl 2 did not reach that of mice treated with 60 mg/kg day (Poole et al., 2017) . Both these studies are consistent with studies showing that increasing the driving gradient produced by the difference in Mn 2þ concentration between the brain and CSF leads to an increase in Mn 2þ uptake .
Use of MEMRI in studies of learning and memory MEMRI is increasingly being used for behavioural studies examining functional activity and plasticity in response to external stimuli. For instance, in vivo MEMRI was used to show that hippocampal volume changes during the mouse estrus cycle, and that this influences spatial learning (Qiu et al., 2013) . MEMRI has also been used to monitor hippocampal plasticity in response to spatial learning and environmental enrichment (Zhang et al., 2016; Scholz et al., 2015) . While these studies delivered MnCl 2 via intraperitoneal injection, continuous delivery of MnCl 2 via osmotic pumps is increasingly being used to bypass adverse side effects when a high cumulative dose of Mn 2þ is required (Sepúlveda et al., 2012; Mok et al., 2012; Eschenko et al., 2010a; Poole et al., 2017) . While studies in rats show that hippocampal learning in the T-maze or delayed-match-to-sample water maze is not impaired after a single injection of 80 mg/kg MnCl 2 , the impact of continuous treatment of MnCl 2 on hippocampal learning has not been established (Eschenko et al., 2010b; Jackson et al., 2011) . Given the potential of MEMRI for longitudinal imaging studies, we sought to determine whether continuous delivery of MnCl 2 or osmotic pump implantation itself affected hippocampal-dependent learning and memory. There was no impact of route of delivery or dose of MnCl 2 on spatial learning and memory in the Morris Water Maze (MWM). In fact, OPVeh and OP25 mice performed better at this task on the first 2 days of training; however by the end of training and the probe test, all groups showed a strong memory for the target location. This implies that continuous delivery of MnCl 2 can be used in studies of hippocampal-dependent learning and plasticity. Previous studies demonstrate that MnCl 2 does not alter grip strength (Poole et al., 2017) , but can result in subtle alterations in gait (Sepúlveda et al., 2012) and impaired coordination on the rotarod (Nam and Kim, 2008) . For this reason, before examining the effect of MnCl 2 on spatial learning behaviour, we first analyzed whether mice receiving MnCl 2 through osmotic pumps had altered swimming behaviour. Two groups of mice implanted with osmotic pumps (OPVeh and OP25) swam slower on day 1 of training than the other groups (IPVeh, IP50, and OP50). However, there was no difference in swim speed on day 5 of training. This is consistent with rat studies showing that a single dose of MnCl 2 does not impair baseline locomotor activity or swim speed (Perrine et al., 2015; Jackson et al., 2011) . Since the mice receiving the highest dose of MnCl 2 via osmotic pumps were unaffected, we suspect this was due to individual differences between mice; however, it highlights the importance of choice of metric (distance vs. latency) in studies of learning and memory and the importance of testing the impact of pump implantation alone in MEMRI studies incorporating behaviour.
Although swimming is not a common natural activity for mice, it has been demonstrated to be a sensitive test of motor coordination in both wildtype mice and in mouse models of neurological disease, such as Huntington's and ataxia (Brooks and Dunnett, 2009 ). Some studies show that mice with deficits on non-swimming motor tasks such as the rotarod and balance beam also have swimming deficits, suggesting swimming is viable alternative test for motor coordination (Glynn et al., 2005; Carter et al., 1999 (Poole et al., 2017; Sepúl-veda et al., 2012) . While our visual assessment of locomotor activity was normal, we cannot exclude the possibility that MnCl 2 treatment had more subtle effects on motor behaviour than were assessed here.
Adverse health outcomes
An unfortunate finding of this study was that continuous MnCl 2 delivery with osmotic pumps is associated with skin ulceration at the infusion site. Importantly, this was not due to the pump implantation, as none of the mice receiving vehicle solution (saline) through the pump developed similar symptoms. Onset of ulceration was more rapid in mice receiving a higher dose of MnCl 2 and likely arose from skin irritation due to Mn 2þ exposure. Aside from one report of local inflammation/ulceration at the pump infusion site after 3 weeks of infusion of 30 mg/kg MnCl 2 (cumulative dose of 630 mg/kg) (Sepúlveda et al., 2012) , this outcome has not been reported in previous studies using osmotic pumps for MnCl 2 delivery, and the onset of this ulceration has not been characterized. MnCl 2 is known to be a potential skin irritant and can promote itchiness, which could lead to further irritation (Sigma SDS and Shallcross et al., 2014) . Although some minor skin irritation can be observed when MnCl 2 is given intraperitoneally, this irritation typically resolves quickly. It is likely that the continuous exposure to an irritant at the pump infusion site prevents the ulceration from resolving. For studies using continuous delivery of MnCl 2 , the dose and imaging time points must be carefully optimized and animals should be monitored for this adverse health outcome.
Factors influencing choice of route of delivery for longitudinal MEMRI studies
Continuous delivery of MnCl 2 produces enhanced tissue contrast without impairing hippocampus-dependent learning and memory. However, at high cumulative doses, mice developed skin ulceration at the infusion site which limits the time window in which the animals can be imaged. When designing MEMRI studies, it is important to choose a route and dose of MnCl 2 delivery that suits the duration of study and number of imaging time points. Factors such as stress from repeated injections, stress from surgical implantation, and duration of post-operative single housing must also be considered when determining the appropriate route of administration. We found that when mice are given 50 mg/kg/day MnCl 2 via osmotic pump, the useable imaging window is only from day 3 to day 5. It is difficult to image earlier than 3 days post-surgery, as the implantation site needs to heal. After 5 days of MnCl 2 delivery and a cumulative dose of 250 mg/kg MnCl 2 , there is a high risk of skin ulceration, which can require the mice to be euthanized. However, as others have shown (Poole et al., 2017 ; Mok et al., 2012) delivering MnCl 2 via osmotic pumps does allow for a higher cumulative dose than would be possible with a single bolus injection and does so without the stress of repeated injections. This means that higher-dose infusion via pumps is best suited for studies of rapid plasticity (Qiu et al., 2013) or for functional imaging studies where a high cumulative MnCl 2 dose is desired.
The useable imaging window for mice receiving 25 mg/kg/day is approximately 3-14 days. The Mn 2þ -induced signal enhancement does improve over the course of this period but is significantly better than vehicle control as early as 3 days after implantation in some ROIs. However, after 14 days, nearly all the animals in our study had developed skin ulceration, which limits the imaging window. Based on our study, delivery of 25 mg/kg/day of MnCl 2 is best suited to studies where mice are imaged at several time points over a $10 day window. For instance, this approach could be used for short term studies of plasticity (Zhang et al., 2016) but is ill-suited for long term imaging designs (Scholz et al., 2015) . In our view, studies with single imaging points and longer-term studies with less frequent imaging time-points are better performed using systemic injections of MnCl 2 .
An alternative approach is to use even lower doses of MnCl 2 than studied here and wait for sufficient accumulation. For instance, Mok et al. infused 180 mg/kg of MnCl 2 over 14 days ($13 mg/kg/day, Mok et al., 2012) . However, this approach does not produce sufficient contrast at earlier time points, and so is limited to studies that can tolerate long exposure to MnCl 2 before imaging. One consideration in long-term studies using pumps is that male animals are often required to be housed separately post-operatively, which could itself have adverse effects on the brain and/or behaviour (Liu et al., 2012) .
Conclusions
In summary, we find that continuous infusion of MnCl 2 via miniosmotic pumps does produce satisfactory tissue contrast without disrupting spatial learning and memory. However, at high cumulative doses, there is a risk of severe skin ulceration, which limits the useable imaging window. Study duration, age and health of animals, potential stress from surgery and/or repeated injections, and MnCl 2 dose are all factors that must be balanced for a given study design.
